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A FEASIBILITY STUDY OF A METHOD TO ANALYZE THE MOON'S SURFACZ 


USING NUCLEAR TNELASTIC SCATTERING 


ABSTRACT ‘ 


A selenological study by the Jet Propulsion Laboratory shows that 
he following elements could be found in abundance on the moon: Fe, Si, 
Mz, Al, O, K, Na, Ca, and Ni. An investigation was made to determine if 


the gamnua rays produced by de-excitation of these nuclei, after the in- 


€ 


elastically scattering of l4-Mev neutrons, could be used to determine the 


minimum abundance of various elements in a typical geological matrix. A 
general statement can be made that less-than 1% by atom of Fe, Si, Mg, and 
Ni, and less than 4% of the remaining elements could be measured. 


Inelastic (n,n') spectra are shown for each pure element and some 


excited state transitions not previously reported are suggested. 
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INTRODUCTION 


A FEASIBILITY STUDY OF A METHOD TO ANALYZE THE MOON'S SURPACE 


USING NUCLEAR INELASTIC SCATTERING 


When energetic neutrons are used to bombard samples of material, 


three nuclear processes can occur. These are (1) Elastic scattering; 


(2) Inelastic scattering’; (3) Capture and subsequent decay. 


The uSuel sequence of events in the bombardment process is for the 


neutrons to make a number of.elestic and inelastic collisions, losing energy 
with each collision. 
In order for the nucleus to de-excite to the ground state as 


Kach inelastic collision leaves a nucleus in an ex- 


cited state. 


quickly as possible, prompt gemmas are emitted whose energy is uniquely 
related to the mode of de-excitation. When the neutrons reach thermal 


energies (~ .025 e.v.) capture takes plate. If the Capture process results 


s 


in an excited state of the nuclide prompt gammas are emitted by a mechanism 


Peadear CO tnat of the inelastic scattering. After a relatively long period, 


dependent on the half-life, the nuclide may decay emitting a beta, gamna 


7 


ray, or both in the process. These gammas are known as activation gammas. 


If one uses a pulsed neutron source and defines zero time at the 


beginning of each pulse then a time spectrum of the emitted gemmeas can be 


Three main features are readily apparent. Since 


plotted. (See Figure 1). 
the time of arrival of inelastic ganmas 1s only dependent upon the travel 


time of the neutrons from the source to the torget plus the travel time of 


iL 3 : e 
i This phenomenon actually results from a reaction process whereby a com- 
of i y 

pound nucleus is formed. Competition sets in between different modes of 
decay. Because of the Coulomb berrifer, the emission of neutrons is much 
more probable than the emission of chezrged particles. The re-emitted 
neutrons can leave the nucleus in an excited state, so that we obtain 
B1~53) 
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inelastic scattering. (n.b. 


ee 





~ 


cNSesN 
(6 8 ay ou. 
€y 

4G 
ee? NW” 


OE 


(4 fu 


Ca 


e 


fo © 
~ 49 
& 


LON LON OO 
“y 

Oo, 

et ee OP ee” 


ra 

o-@ 
a 
‘ 

m4 


eT, Sper? 

* 
pare taf Oh 
ae Ly tar ee 
Coe 2 .2- Spy ee et 


S,k + 5 “SUmUICS UOTICATIZOR SQ WAOUN Sze sunnes 
] esau, ‘*scuumes shrpaqgtuo ATadmoid 
SOYUTOXS-3D YOTUM 994095 DOYTOX 
Us UT oq ASK snoTonuU aonpord su, 
“0 gee LOE QO OAC. AO coe a 


* -_> 
SOU TNS Ome. Wo 


SUULISS OSSIT, 
Cec. SO. fOXKO 


o OATIOTPVl se UMOUY oa.te 
2 *SG — Bupagtuse AT odu 
-Sp snSsTonu sy, -s 

S17 JO suo UF sneTonu yonpord ay. 
SOABST UOFUM SSonoad sanyavo y 


“sACL Cues poonpo.id AL TeoT Ise Tout 
SQ UNoUNr O73 sABI CUTE 3% 
*“PeATEStiod you st Azeus oT VeUTH 


px +t ARXK ww X + X YoTuA WE ssoo0id uoTSyETpoo y 


"PeATSSUOD ST AN AauUS OT1OUTH 


Be ere cee any UOTUM UF ssev0cd uotstTtToo y 


A Sa RS 
Sit ee oe a) ——— 


— — Se | 
r a 
¥ Se ak BOE 1 ere a 


Gio 
TOAST PORTOXO | 


Siete 
a 


Keosq BAF{YOCOTVG 


amMate) SATICTOUY 


UTIaAIBoOS DTTSVLOUL 


Sut704 SA00G org 





wo gamans from the target to the detector a sharp peak will be noted whose 


> w 


ence from the origin is equal to the above tine sum and whose width is 


act 
-¢ +he order of the neutron pulse width. After formation of the inelastic- 
eliv produced game rays the neutrons continue to lose energy until 7 
sesealized and are captured. This normally requires 10 - 1000 micro- 
peconds. Therefore the resulting radiative capture garnmas appear as a 
Nee peek extending over this time range. Finally, there is a low steady 
etute level which tends to raise the two peaks. This "background" is due 
4a: (1) Natural activity of the experimental environment; (2) Remainder ©@ 
Me yodiative capture counts left over from the previous pulse; (3) Ac- 
styity resulting from the decey of the radionuclides formed in the bombard- 
ment process. By gating a pulse height analyzer so that only the counts of 
the inelestic peak (plus a few eee cund counts) are analyzed it is possible 
4o obtein a spectrum whose peaks are indicative of the nuclear levels of the 
fnotope being bombarded. | 

During the past years, considerable work (Da-56, Se-57, et al) has 
teen done in determining the cross-section for (n,n') reactions for various 
¢lements using pulsed neutron sources and time-of-flight techniques. It has 


meom noted that the various cortuon isotopes differ markedly in thelr prin- 


Csr level structure, but have quite similar excitation cross-sections. 


4 


46 Leature led Dr. Carlton Schrader and EB. F. Martina (Se-60) to con- 
civcde that since one could determine the presence of an unknown level in 

mR xNOWn Lsotove by (ne) reactions then conversely one could devermine 

+e presence of an unknown isotove by interpreting a spectrum of gamma 

ee or om levels in an unknown sample. Furtneimore, since the reaction 
eross~e£ections were similar, it should be possible to determine the isotopes 


~,ifeny ond their relative abundences in the wiknow mix. If the conclusions 





were correct remote analysis of material would be possible. In perticular, 
a payload covld be designed to semple the moon's surface and deduce the 
elements present. Based on this line of reasoning, a study was begun of 
the feasibility of using inelestic scattering techniques to determine the 
composition of the moon's surface. Four questions were to be answered: 


1) Can the energy levels of the likely constituents be resolved by 
Simple methods? 


2) Do the isotopic energy levels have relatively similar inelastic 
cross-sections? 


3) What minim abundances could be determined? 


aw 


4) With what precision could these ebundances be stated? 


THE MOON A 
Uiesticen, Our first satellite, has been a subject. of conjecture 


since man first raised his eyes to the night sky. Only recently, however, 


&, 
- 


has conjecture been augmented by scientific analysis and experimentation. 
Worle it is possible to formulate reasonable theories concerning the origin 
and physical composition of the moon using telescopes, poee Cece radar 
and other observation tools, the advent of the space age now permits physical 
testing of the validity of these theories. 

The oldest theory of the moon's formation was proposed philo- 
sophically by Ksnt end scientifically by LePlaece. nee as the "accretion 
theory", it proposed that a slowly rotating equatorial ring of gas and dust 
coalesced into a single satellite whose size approximated the moon's size 
as we know it today. This theory closely parallels the accretion theory of 
the formation of the soler system. The accreted mass heated up causing 
partial melting with the escape of ie quantities of steam end other gases. 
Subsurface Gap Oslons occurred producing funnel-shaped craters (pre-mare). 
Tecer, lava flows covercd meh of ote sustwes. Cooling and solidification 
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of the interior then took place. Impacting meteorites formed the post-mare 
craters strewing granitic and meteoritic rubble in great ray systems over 
the surface of the moon. The process was completed prior to 10? years ago. 

The second theory of formation is a fairly recent one proposed by 
George Darwin in the late 19th century. In a study of tides and their ef- 
fects, Darwin noted that early in geologic history, the earth's daily rota- 
tion of four hours coupled with the sun's gravitational attraction produced 
tidal effects every two hours which coincided with the earth's natural 
vibratory period of two hours. From this, he nostnated that resonances 
were set up and a large tidal bulge appeared on the surface. Fission oc- 
eurred, & moon was formed and the Pacific Ocean basin was left as a testi- 
moniot to the event. 

Since this could oceur only to a plastic sphere (Darwin essumed 
@ liquid earth), isostatic readjustments would take place both on the earch 
and the moon. (Splitting of the Americas from the Fur-African land mass 
and formation of the Atlantic Ocean basin was proposed as the earth's ad~ 
justment.) On the moon, one would expect a rather thick granitic crust 
overlying a basaltic cee A eocle core vould not. be likely. Concinicd 
volcanism and extensive lava beds would be present. | 

Me teauese wicory picvures the formation Of the moon ae an ain- 
dependent event. At some time during the ages this "neteorite" passed close 
Pemenescarch and was captured in a slightly elliptical orbit. If this is 
Pomeeeem OC WOuld expect a typical meteoritic type surface. 

The above listing of possible origins of the moon permits one to 
make various postulates in regard to the moon's surface. One such analysis — 
by Jet Propulsion Laboratory (Me-60) is showm in Table III. We expect that 
the most abundant elements rea be Iron, Silicon, Magnesium, Aluminum, 


° - &.. a o34q > —~ 4 38-, Y "Te w, wy-t oor ry \V8 V6 . 
eee Calcivm. Fotassium, Sodiin end Nickel might also bos present. 
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(Abundant Nickel would be found only in meteoritic debris.) Furthermore the 
yelative amounts of the elements would depend upon the geologic type of 
surface so that the ratio of abundance of one element to enother vould be 


an indicator of the method of moon formation. 


TABLE IIL. SELENOLOGICALLY DIPORTANT EBLEMEVTS 


(after JPL) _ 


Element Concentration (% by weight) 
lov. High 
Fe le a 
Si Hee 35 
Me . 0.2 - 22 
AL 0.5 12 
0 10.0 | 48 
K O21ge 6 
Ca One doe 
Ne Obra fi 
Ni 0.002 9 


Iron - nickel meteorites will contein 90% iron. | 

we hing Procedure 

Having decided which elements were of interest, work was begun to 
Obtain representative spectra so that the vrincival energy levels could be 
Ggetermined. <A time-of-flight technique first develoved av this lavoratory 
(Be-59) was used. A diagram and photograph of the experimental set-up are 
shown in Figures e and 3. 

Deuterons, injected into a 350 kev Cockcroft-Walton machine, were 
gecelernaced, Pee, end bunched; then deflected onto a thin (0.1 nil) tritium 
occluded titenium target. Short bursts (about 3 x 107? seconds) of Lh-Mov 


. 8- 





neutrons were produced by the reaction 


re 55: hy al ‘ 
,P + 41 > pile + on + 17.3 Mev 


nt of repetition rate of 5 me/sec. The neutron flux (about 300 aeuenaney eens) 
was monitored by counting the alpna particles in a gas proportional een 
mounted in a position lee with respect to the ion beam. Thin rings were 
placed so that tnere was a On angle between the incident neutrons end the 
detected gamma radiation thereby neutralizing the anistropy of the radiation. . 
A copper attenuator was placed in the line-of~sight of the target and detector 
50 that neutron activation of the scintillator would be minimized. The 
gomia detector, consisting of a cylindrical 1-3/h" diameter x 2" NaI (T1) 
crystal mounted on an RCA-6810A photomultiplier tube, was placed in a lead 
housing whose walls were }" fies. Refrigeration coils encircling the 
housing maintained the photomultiplier and crystal at a constant temperature 
(16°C) so that temperature dependent gain variations were elininated. 

The detector-analyzer system was divided into a fast channel circuit 
and a slow channel circuit (Fig. 4). The fast signal, taken from the anode 
of the photomultiplier, was amplified and used to start the time-to-height 
converter. The regularly repeating pulse made by the deuterons striking the 
target was delayed, amplified and used to stop the time-to-height converter. 
The converter produced a voltage which was proportional to tne time differ- 
ence between the arrival of the start and stop pulses. By setting the dif- 
ferential discriminator for specific voltage ranges, gates would be generated 
for viewing only those gamnas which satisfied a particular time relationship 
feeeierespect to the neutron burst. The slow signal, take from the 9th dynode, 
was suitably delayed, linearly: amplified and enalyzed by the gated 256-channel 


pulse helght analyzer. 
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Mee .aencce Control was used to display eitser tRe title sxcctrum Or Piece 
¥ 
mpmmepectrum tO facilitate ccttime tae dimicrentidlt dAcscrimtamtcc.  @ 


third position on the control was used for tne run. 

Beplers Go VOrLOus points in tie circuit wor@® used to counc Seer, 
slow, end gate pulses. The analyzer also hed a scaler output indicating 
dead time within the analyzer, and this, plus the information fromerumeeothes: 
Scalers was used to compute the dead time of the total system. 

A run was made with the rings in place to obtain a "signal plus 
background’ spectrum and with the.ring removed to obtain a “packeround" 
Seecurum. For each run except Oxygen,<.5 x to = MeCUtrONS Were Yreducease 
Because of Oxyzen's low inelastic cross-section and the desire to reduce 


: ee = 11 — | 
meet otroa. Voriecion of the triple peak 5 x 10 NGuUtTrOons Were USCd) ite eee 


rs 


Mermenecver Lic run was completed, tne enalyzer incormation Was orintved oug 
Bapeaber Lane and che Scalers and elavsed time were recoréea. This infomg- 
tion was trensferred to punched IBM cards. #n IBM 650 comeuter was >ro-rnmaied 
to compute the Dead Time Correction; apply it to both the “background” and 


"Si@icl plus background” information; subtract the “backbround” from the 


"slenol plus background" and print out the corrected sienal. 
fie Deed Time Correction” was a multiplicative factor a®eomines 


by the com>uter solution to the equation: 


a ia ae 1 
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Ne = Total number of counts in the memory core of the pulse 
height analyzer. 


Ns = Number of start pulses to the time-to-height converter. 


Ni = WNumber of slow pulses sppearing at the input to the - 
pulse height analyzer. 


The constants were determined empirically by measvring the dead times of the 
yarious electronic components. CA thorough discussion of this anelysis is 
contained in Appendix II of UCRL 5596 (Be~59)). 

The printouts from the IBM 650 computer were plotted on rectaneules 
graph paper. ‘Ihe various spectra are shown in Figs. 7-15. From these the 
most prominent peak of each clement was selected end the number of inelastic 
ganmas contributing to this peak were counted. This count was compared to 
the number of counts in the Fe, 9, peak and a "Minimu Abundance Factor" (F) 
was defined end computed using the Following equation. (See Appendix for 


ov 


derivation end definition of terns): 
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It is assumed that isotopic ebundances in a particular element would 
be the same on the moon so that this term is neglected. Since Iron was as- 
Signed the arbitrary value of 1. the solution of the equation gave an indice 
tion of the likelihood of noting the presence of an element as compared to 
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B. Sand Matrix Geometry 

If genma particles are formed deep in a formation, there will be a 
certain percentage absorbed in their passage out of the formation to the 
detector. The percentage is fone ene upon the ebsorption cross-section 
which in turn is dependent upon three principal effects: 1) the photoelectric 
effect: The incident gamma particle is absorbed and another particle 
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Peo Occlias Gnd tWo 0.51 sev photos aru pmltvcr im oppositc cimetticws ant 
with opposite polarisoations. Yne Useeonclu for tai, recetion is 1.02 Mev 
BME Otay OCcquirineg the r@Wealnincg Cncriry. (1b 42 gostible som Ge ce 
Ge@megece 0.51 Mov Gamaes to be devccvla ac tne cae cinc that eee 
Mme pnovopeek is being detectcd so that it appecks that The cbig@iad) 
soma ~ay was reduced by only 0.51 Mcv or not at o11.) 3) Commteon effect: 
Te gamma particle coliides with an orpital clectron and, depending upon 
Poesone.e Of the collision,. loses only a portion of its ener@. A broad, 
continuous spectrum of energies up to the Comoton édre results. 

Sance these same phenomena also occur in the crystal, 1% was fered 
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Pemtine Foe Pinimra amount of Tron, @@gnesium, ond Aluminum tite could 
meepecoceves 1b was decided to mock-un a formation whose three Gigmasters 
were preater than several mcen free paths of a l4-Mevy ncutron. Any tar- 
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for backround mcasurcments, the sate was foered in TRE so tnat those 
eounts arriving just after the peak would be analyzed. Since the activea- 
ploreeecna Spectrum is nearly constant the same gate width was used bo 


eeepc moocured backsround was very nearly coual to the beckifround con- 
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2) Tne munber of gammas containca in cach peie webe@ counted. 
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